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Abstract
The NuMI target exhibits vibration with a very long damping time. The vibration of the

target is easily excited due to its long length and narrow crosssection. This situation givesthe
potential for a variety of environmental conditions to excite resonant vibration of the target.
These include focusing horn pulsing, high speedcooling air o wing, and cooling water o wing
through the target. Measurements have beenmade of vibration excited by horn pulsing and by
air and water o w from a setup designedto mimic that of the target hall environment. None of
the conditions exciteslarge or resonant vibration in the target. Also discussedare measurements
of the fundamental vibration frequenciesof the target and attempts to produce a simulation of
thesevibrations.

1 In tro duction

The NuMI beam production target is composed of a series of forty seven 20mm long graphite
sectionsbrazed to stainlesssteel cooling water tub eson the upper and lower edgesof the graphite
[1]. The thicknessof the graphite segments is 6.4 mm and spacing between segments is 0.3mm.
This composition leads to a very long (� 1m) thin cantilever that is easily excited into vibration.
Vibration of a few millimeters amplitude would causethe beam ux intercepting the target to
vary in a complicated and potentially uncalculable manner. The vibration could also lead to the
undesirable situation of the target vacuum shell hitting the inner conductor of NuMI horn 1 in
the low energy con�guration with the target inserted within the horn 1 inner volume. In order to
determine if these were actual problems, measurements were made of the target vibration under
various environmental conditions:

1. Exciting vibration of the free standing target. A rubber hammer was usedto hit the support
plate for the target to induce the vibration. A ball bearing rolled through a length of PVC
pipe to strike the support plate wasalsousedin order to give a more reproducible excitation.

2. Pulsing of the NuMI horn 1 prototype with the target inserted at its nominal low energy
position within the horn.

3. Using large exhaust fans to simulate the approximately 9 m/s air o w past the target. The
target vibration was measuredwith the target both inside and outside the prototype horn
1. Later the vibration was remeasuredwith the target mounted in the target/ba�e carrier
structure.

4. Cooling water o wing through the stainlesssteel support lines to which the graphite sections
are attached.

I describe in the remainder of the note the experimental apparatus usedto measurevibration, the
results of the various measurements listed above, calculation of the vibrational modesof the target,
simulation of the observed vibration modes, and conclusionsas to the e�ect of vibration on the
abilit y to operate with the target inside focusing horn 1.
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Figure 1: Target overview schematic from the NuMI Technical Design Handbook. Components
relevant to the vibration measurements are discussedin the text.

2 Vibration Measuremen t Apparatus

The apparatus usedfor target vibration measurements is a non-contact position sensorconsistingof
a photodiode whoseemitted light is detected by a phototransistor. A small brassvane is attached
to the device whose vibration is to be measured. The photodiode/phototransistor combination
is positioned so that the vane intercepts a portion of the light emitted by the photodiode. The
current from the phototransistor then is a function of how much of the light is eclipsedby the vane.
The apparatus was constructed by Frank Nezrick and is called an eclipsometer. The phototran-
sistor output is quite sensitive to any change in the amount of light it seesfrom the photodiode
and has a resolution of 1V per 0.12mm of movement of the vane with respect to the stationary
photodiode/phototransistor pair. The eclipsometerhas a linear responseover approximately 3V.
Thus, it is useful for measurements with a full amplitude of only about 0.36mm. The eclipsometer
is typically positioned with respect to the brassvane so that the quiescent voltage is 1.6-1.8V, i.e.
approximately at the midpoint of its linear region.

The brassvane is mounted on the device to be measuredwith a small amount of wax. I used
both beeswax and a product called Tacky Wax to mount the vane on the target. Tacky Wax is
easily available in hobby and craft stores that sell candle making supplies.

The voltage output of the phototransistor was recordedwith a Hewlett-Packard Dynamic Sig-
nal Analyzer that allowed viewing either the absolute voltage as a function of time (denoted time
domain hereafter) or the fourier transformed frequencyspectrum (denoted frequencydomain here-
after). This allows determination of both the absolute scaleof physical vibration of the target and
alsoa quick estimation of the main frequenciesof vibration excited within the target. The Dynamic
Signal Analyzer is an older model and the only method of permanently recording the data is using
a pen plotter to record the DSA displays.

3 Target Description

Although description of the target is available in the NuMI Technical Design Handbook [1], I
describe briey herethe construction of the target and reproducethe target schematicsfrom �gures
4.2-12and 4.2-13of the Handbook for the convenienceof the reader.

A copy of �gure 4.2-12is shown as�gure 1. The downstream plate of the target canister through
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Figure 2: Beam view of target crosssection. Dimensionsare given in millimeters.

which the aluminum casingof the target core protrudes is usedto referencethe distance along the
aluminum casing at which target vibrations were measured. The brass vane of the eclipsometer
system was attached using wax to the aluminum casing. The most downstream graphite target
segment endsapproximately 95cm from the target canister downstream plate. The stainlesssteel
tub esthat form the upper and lower supports for the graphite segments are shown asthey exit from
the target core into the target canister and bend through 180� to exit the canister above and below
the aluminum casing. A beam'seye view of the target is shown in �gure 2 which is a reproduction
of Handbook �gure 4.2-13. The graphite is seento have a minimum vertical dimension of 15mm
and to curve around the stainlesssteel cooling tub esto a maximum vertical extent of 18mm. The
6.4mm thicknessof the graphite transverseto the beamis noted. The thinness of the target allows
easyvibration in the horizontal plane. The presenceof the stainlesssteel tub esand the height of
the graphite segments give more sti�ness in the vertical plane whereany vibration is much reduced
and damps quickly.

4 Vibration Measuremen ts on Free Standing Target

I now begin a description of the various measurement setups and observed vibrations both in
absolute spatial sizeand frequencycomponents. In this section are described measurements made
on the \free standing" target to determine the resonant frequenciesof the target and their damping
times. We'll then takea diversionto discusscalculation of the resonant frequenciesusinga cantilever
model. Then we'll return to measurements made of vibration with the target inserted in horn 1
and installed on the target carrier framework.

What I call the free standing target consistedof the whole of the target including its vacuum
and cooling assemblies attached to an aluminum mounting plate to allow the target to sit freely
on a at surface in its nominal horizontal position. The aluminum mounting plate consistedof a
0.5" thick aluminum baseplate welded at right angles to a second0.5" thick aluminum plate to
which the target was bolted. By striking the mounting plate with either a rubber hammer or a 1"
diameter ball bearing rolled through a PVC pipe, vibration was excited in the target and the size,
resonant frequency, and damping time measuredusing the eclipsometersystem.

The �rst measurements were made using a rubber hammer to excite the vibration. What was
really neededthough wasan estimate of the variation of vibration amplitude along the length of the
target. When the target was inserted into the focusing horn, most of the target was not accessible
to vibration measurement and only about 30cm extending beyond the target canister could be
seen. Since the largest amplitude of vibration would be at the end of the target, it was necessary
to predict the vibration at this point by measuring it at a point nearer the base of the target.
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Figure 3: Target vibration measured29 cm downstream of target canister. Vibration was excited
by rolling a 1" diameter ball bearing through the full length of a 62" PVC pipe set at a �xed angle
with respect to the horizontal. The vertical scale is the output of the eclipsometer in mV with
100mV corresponding to a deection of 0.012mm. Recording of the display was triggered using an
internal trigger for the dynamic signal analyzer set with a low threshold to inhibit triggering on
noisebut sensitive to the vibration induced by the ball bearing striking the mounting plate.

To make this inference, it was necessaryto excite the vibration in a reproducible way. I choseto
do this using a 1 inch ball bearing rolled through a length of PVC pipe and striking the target
mounting plate. Results from these measurements are shown in �gures 3-5. The depictions of
vibration shown in these�gures are usedthroughout the remainder of the note; soI describe briey
the horizontal and vertical scales.For the time domain plots, time is shown on the horizontal scale
in seconds.The time extent is typically 10s,but an 800msextent is usedfor showing results from
horn pulsing. For a triggered display, the display is shown from about 20msbefore the trigger for
easier viewing of the early vibration. The vertical scale for time domain plots is in volts where
100mV corresponds to a displacement of the target by 0.012mm. The pen plotter allows marking a
chosenlocation along the plot trace with an \ X ". For �gures 3-5, the mark is madeat the location
of the largest displacement of the target: � 0:055mm for the 29cm point, � 0:071mm for the 59cm
point, and � 0:175mm for the 100cmpoint. The frequency domain plots show frequency in Hertz
on the horizontal scalestarting at 0 and extending to 40-200Hz. The vertical scaleis relative and
is in dBV. The minimum and maximum of the vertical scaleare shown on the left hand side of the
scale. The dB/division is irrelevant sincethe pen plotter doesnot draw the vertical grid. I'v e have
noted the main observed frequencycomponents on most frequencydomain plots.

4



Figure 4: Target vibration measured59 cm downstream of target canister. Other than the location
measuredalong the target all other setup is the sameas �gure 3.
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Figure 5: Target vibration measured100cm downstream of target canister. Other than the location
measuredalong the target all other setup is the sameas �gure 3. The location corresponds to the
downstream end of the target.
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As expected the amplitude of vibration increaseswith distance from the target canister. The
increaseis non-linear and the frequency components present depend on location along the target.
For the purposeof inferring the vibration at the end of the target from the 29 cm measurement,
we usea scalefactor of 7. This allows us to estimate the vibration at the end of the target when it
is fully inserted into horn 1. The scalefactor disregardsthe large initial relative deection at the
29 cm point and usesthe �rst maximum of the beat pattern seenat about 1.5s.

As is evident in the preceding�gures, a number of frequencycomponents are present in the vi-
bration. The dynamic signal analyzerusedto record the measurements hasa fast Fourier transform
option to display the frequencydomain spectrum of the data. In order to observe higher frequency
components of the vibration spectrum, the time scalewas reduced to 2s. This allows observation
of frequenciesup to 200Hz. This covers the range of frequencieswith signi�cant contributions.
Frequency domain spectra for the 29cm and 100cm positions are shown in �gure 6. The main
resonant frequency is 13Hz to 13.5Hz. While harmonics of 13Hz are visible near 26 and 39Hz, the
main secondaryharmonic is around 81.5Hz. As is discussedin the next section, this correspondsto
the predicted value if the target is analyzedas a cantilever. Simulation of the vibrational modesis
discussedin a later section and we �nd that all but the 13Hz fundamental vibration quickly damp
out. The beat pattern evident in the time domain �gures indicates a secondfrequency near 13Hz
modulating the main vibrational mode.

4.1 Damping Time of Vibration

In an early measurement in which I excited the free standing target vibration by striking the
mounting plate with a rubber hammer, I allowed the higher frequency components to damp out
and then measuredthe damping time of the 13Hz component. I recordeda 10s time display from
an eclipsometermeasurement 29cmdownstream of the target canister and usedthe Dynamic Signal
Analyzer cursor to measurethe amplitude of vibration at a number of time points. The best �t to
the form exp(� t=� ) gives � = 12 � 1s. In section 7 where the simulation of the vibration of the
free standing target is discussed,a decay time of 43.4sgives a good representation for the main
frequency at 13.19Hzmeasured59cm from the target canister. This latter damping time may be
longer due to the location along the target (farther from the canister), simulating from the onsetof
the vibration rather than at a late time, both or neither. As I'll discussin that section, a damping
time near 12swould not give a good simulation of the 59cm measuarement.

5 Calculation of Target Vibration Frequencies Using a Cantilev er
Mo del

The equation of motion of a beam [2] is

@2s
@t2 + a2 @4s

@x4 = 0 (1)

where s(x; t) is the lateral displacement at position x along the beam at time t, and a2 � E I =� .
Here, E is the Young's modulus of the beam material, I is the secondmoment of area of the
beam, and � is the massper unit length of the beam. I = bd3=12, where b is the width of the
beam and d is the thickness. The NuMI target is composedof 47 sectionsof 20mm long graphite
brazed to upper and lower stainlesssteel cooling tub es. Each 20mm section is separatedfrom its
neighbor by 0.3mm. The tub esare a distance of 15mm apart as shown in �gure 2. So for our case,
b = 15mm and d = 6:4mm, where the latter is the thicknessof a graphite section. The graphite
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Figure 6: Frequency spectra measuredfor free standing target with vibration excited by a ball-
bearing rolled into the mounting plate. The upper plot is for the measurement 29cm from the
target canister and the lower plot is for the measurement at 100 cm from the target canister.
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usedhas a density of 1:78g=cm3 which gives � = 0:171g=mm. The composite nature of the target
makescalculation of Young'smodulus quite di�cult. However, we will seethat measurement of the
fundamental mode of vibration not only predicts the secondarymodes,but also givesa reasonable
estimate of the Young's modulus. The distanceand time-dependent terms are assumedto separate
to give

s(x; t) = X (x)ei! t :

The generalsolution for X (x) is

X (x) = A1 coshkx + A2 sinhkx + A3 coskx + A4 sinkx

where k =
p

! =a;! = 2� f . With the target �xed at x = 0 where its �rst derivative with respect
to x is also zero,and assumingthe bending moment and shearforce vanish at the free end; we end
up with four coupled equations. The determinant of the coe�cien ts must vanish for a non-trivial
solution for A1� 4. This ultimately leadsto the condition that we �nd valuesof k that satisfy

coshk` cosk` + 1 = 0

where ` � length of target = 953:8mm. Turvey et al. give the �rst four roots as

k` = 1:8751; 4:6941; 7:8548; 10:9955:

Using the relation betweenk and the vibration frequency, f , we have

f =
(k`)2

2�

q
EI =�` 4 (2)

f m = Cm

q
EI =�` 4; Cm =

(1:8751)2

2�
; : : : = 0:5596; 3:5069; 9:8195; 19:2420; : : : (3)

The best estimate of the fundamental frequency is f 1 = 13:19Hz. The ratio of the �rst and second
vibrational resonancesis given by

f 2=f 1 = C2=C1 = 6:2668=) f 2 = 82:66Hz: (4)

This agreesfairly well with the observed secondaryof around 81.5Hz. Using equation 2 and solving
for the Young's modulus, E , we �nd E = 23:5GPa for the target. In comparison,the bulk graphite
hasa Young's modulus of around 14.5GPa asquoted on the Poco Graphite web site [3]. The higher
value inferred for the target is likely a combination of ignoring the small amount of graphite beyond
the 15mm height that wraps around the stainlesssteel tub esand the tub esthemselves that sti�en
the target cantilever.

6 Vibration Measuremen ts in Simulated Beam Environmen ts

6.1 Vibration Measuremen t During Horn 1 Pulsing

In order to measurethe vibration during horn pulsing with the target fully inserted into the horn
1 prototype, the target was mounted onto a 3 axis transporter previously used for magnetic �eld
mapping of the horn. The target was surveyed to be centered with respect to the central bore of
the horn and its distance from the horn end cap measuredin what was called the fully withdrawn
position. The 3 axis transporter is equiped with a computer controlled positioning systemthat was
usedto accurately insert the target into the horn. The horn was then pulsedat full amplitude and
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the vibration of the target measuredfor two positionings of the target within the horn: �rst with
the target 10.11cmupstream of its nominal low energyposition and secondlywith the target fully
inserted to its nominal low energy position. The �rst measurement was done as a safety check to
make sure the target was not vibrating a lot during horn pulsing, i.e. we wanted to make sure we
weren't going to vibrate the target can into contact with the horn inner conductor. The vibration
was measuredwith the eclipsometer location �xed with respect to the horn so that we attached
the brassvane at two locations along the target can: 25.7cmand 15.5cmfrom the target canister
for a partially inserted and fully inserted target, respectively. Recall that one of the free standing
measurements was 29cm from the target canister so we have an approximate way of inferring the
vibration at the downstream end of the target.

In the partially inserted position, I measureda maximum amplitude of vibration of lessthan
2:5� m. With this assuranceof essentially negligible vibration during horn pulsing, the target was
fully inserted and the vibration measuredduring pulsing wasobserved to be again lessthan 2:5� m.
Note that this implies that the vibration at the downstream end of the target is lessthan 0.02mm.
The clearancebetweenthe aluminum target casingand the horn inner conductor is about 2.5mm.
Figure 7 shows the time domain plot of the vibration using a signal from the horn current function
generator to trigger the dynamic signal analyzer. The transient induced at the time of the horn
pulse is evident. The vibration after the pulse is indistinguishable from that before the pulse.
Whether the transient is electrical pickup by the eclipsometersignal line or an actual movement of
the target is unknown. Sincethe signal represents negligible movement, the sourceof the transient
was not traced.

6.2 Vibration Measuremen t with Air Flo w

The o w of cooling air in the NuMI target hall will correspond to a wind with speedabout 8.9m/s.
With the surrounding shielding, the target will be enclosedon all sides. To simulation this en-
vironment, the target carrier framework was enclosedin plywood on the bottom and with clear,
hard plastic on the sidesand top. All edgeswere sealedwith duct tape. Two large exhaust fans
were mounted at the upstream end of the target carrier framework; one on top of the other. The
target canister at the upstream end has diameter 16 cm and represents a large impedanceto air
o w in the region of the target core downstream. With both fans on, the airo w was measuredat
various locations at the downstream end of the target carrier. Near the aluminum target casing,
the o w was � 2:5 m/s. The maximum o w was in the bottom beam right area where the air
speed was � 7:1 m/s. Although this is less than the nominal and is especially low in the target
region, the o w probably represents a good approximation of the target hall conditions. That is,
the target canister will causea dead region for o w around the target core in any con�guration.
However, to determine a \w orst" casescenario,someplywood pieceswere inserted asa ba�e in the
bottom of the target carrier and were oriented so as to direct air o w up toward the target. The
target was originally mounted into the target carrier incorrectly so that it was rotated 90� from
its nominal orientation, i.e. the stainlesssteel cooling water tub es with the 15mm wide graphite
sectionsbetween them formed a horizontal rather than a vertical plane. This actually turned out
to be fortunate as it allowed measurement of the vertical vibration resonant mode of the target.
The vibration was measured� 3 cm from the downstream end of the target shell. The frequency
domain plot is shown in �gure 8. The horizontal fundamental frequency at 13.4Hz is visible, but
the larger amplitude vibration mode observed was the 18.2Hz one corresponding to up and down
motion of the target (when it is correctly mounted).

The target was then rotated to near the correct orientation. At the time of this �rst air o w
measurement, the target could not be oriented with the graphite sectionsin a vertical plane, but
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Figure 7: Target vibration measuredwith the target fully inserted in its low energyposition inside
the inner conductor of the horn 1 prototype. The 20.6mV transient corresponds to the time of the
pulsing of the horn. This corresponds to a movement of about 2:5� m of the target core at a point
15.5cmdownstream of the target canister.
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Figure 8: Target vibration frequency spectrum measured3 cm from downstream end of target
aluminum casing for the caseof air o w through the target carrier supplied by two exhaust fans.
The 18.2Hz peak corresponds to the vertical vibration resonant frequency. The 13.4Hz peak is
the horizontal resonant frequency. This measurement was made without the plywood ba�e in the
bottom of the target carrier and with the target rotated 90� from its normal orientation.
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Figure 9: Target vibration measured3 cm from downstream end of target aluminum casing. The
vibration was induced by air o wing through the target carrier and deected toward the target
with plywood ba�es inserted in the bottom of the carrier. The vibration is generally larger than
the linear range of the eclipsometerand was estimated to be about � 0:5 mm using a metal ruler
to visually observe the vibration amplitude.

was perhaps 30� from this nominal orientation. As discussedshortly, when the water lines were
connectedand vibration from thesechecked, the air o w measurement wasrepeatedwith the proper
orientation of the target. No major di�erence was seenin the amplitude of vibration due to air
o w betweenthesetwo orientations.

With the ba�es in place and the target rotated about 30� from the nominal orientation, I
measuredthe vibration of the target with air o wing through the carrier from the exhaust fans.
Sincethe air wasdirected up at the target, vibration wasrelatively large; on the order of � 0:5 mm.
Although the eclipsometer was operating outside its linear region, one can get a impression of
the erratic nature of the the vibration from �gure 9 which is a time domain plot of the vibration
recordedwith the above discussedsetup. While the vibration is generally larger than 0.2mm, there
are signi�cant periods when the vibration dampsto lessthan 0.1mm. The accompanying frequency
spectrum is shown in �gure 10.

The vibration without the ba�es was measuredin both the 30� rotated orientation and in the
�nal mounting with the target properly oriented, the water lines connected,and with the water-
vacuum line utilit y festoon in place below the target. Since similar behavior was observed for
both cases,I discusshere only the latter �nal setup. The vibration was measured3.5cm from the
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Figure 10: Target vibration frequency spectrum measured3 cm from downstream end of target
aluminum casing corresponding to the time domain measurement shown in �gure 9. The funda-
mental horizontal and vertical frequenciesof 13.2Hz and 18.1Hz are both present along with the
harmonics of the 13.2Hz frequency.
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Figure 11: Target vibration measured3.5 cm from downstream end of target aluminum casingwith
air and cooling water o wing. The target was mounted in the target carrier in its �nal position
and the water-vacuum utilit y line festooning in the bottom of the carrier was in place.

downstream end of the target aluminum casing. Figure 11 shows the vibration recordedwith both
exhaust fans blowing air through the target carrier and with cooling water o wing at 3 l/min. I'll
show in section 6.3 that the water causesnegligible vibration. Thus, the vibration depicted in
�gure 11 is solely due to air o w.

The vibration is seento be lessthan � 0:2 mm generally. There is a beat pattern that occurs
randomly that damps the vibration to less than 0.07mm. The frequency spectrum is shown in
�gure 12. As ususal, we seethe 13Hz vibration and its harmonics at 26 and 39Hz; the vertical
frequencynow at � 17:5 Hz; and the secondhorizontal resonanceat about 78Hz.

Finally, I note that during vibration measurements associated with horn pulsing (section 6.1), I
also measuredthe vibration causedby directing a single exhaust fan at the target from a distance
of about 2m. Measurements with madewith the target fully withdrawn from the horn and with the
target fully inserted. The fan couldn't be placeddirectly upstream of the target due to interference
with the 3-axis transporter holding the target. The fan blew air onto the target at an angle of
about 20� from the beam axis. With the fan this closeto the target, it was possibleto achieve a
wind speedof about 9.8 m/s past the target. With the target fully withdrawn and the air hitting
a \glancing blow" to the target, vibration was substantial: about � 0:5 mm. With the target fully
inserted, the horn inner conductor represented an enormousimpedanceto any air o w along the
length of the target. The vibration at 15.7cmdownstream of the target canister was measuredto
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Figure 12: Target vibration frequency spectrum measured3.5 cm from downstream end of target
aluminum casing. The setup is the sameas for �gure 11.
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be about 0.01mm. This implies vibration of lessthan 0.1mm at the downstream end of the target.

6.3 Vibration Measuremen t with Cooling Water Flo w

The �nal test to check for environmental conditions causing target vibration was to o w cooling
water through the target stainlesssteel support/co oling tub esat the speci�ed rate of 3 l/min and
measureany vibration causedby this. As noted in the section 6.2, this was done when the target
had been installed into its �nal con�guration in the target carrier and was carried out in parallel
with the �nal air o w tests. The actual order of procedureswas to i) take a baselinemeasurement
with no water or air o w, ii) take a measurement with water o w only, and iii) �nally , to take a
measurement with both water and air o w. A measurement with air o w only was not done since,
aswill be evident in what follows, the water o w had negligible e�ect on the vibration of the target.

Figure 13 shows the time domain plot for the caseof no air or water o w, and water o w only.
The amplitude in the latter caseis about twice that of the baselinecasebut still amounts to only
a vibration of about � 2:5� m. At this level, target vibration is sensitive to mechanical vibration in
the area where the measurement is being made and one can't reliably say whether the increased
vibration amplitude is due to onset of water o w or to startup of somelocal mechanical \noise"
generator. Presumably, repeated tests during a mechanically quiet period like the night-time or
weekend could indicate if the sourcewere truly the water o w. However, given the smallnessof the
vibration, I deemedit not worthwhile to pursue further.

For completeness,I show in �gure 14, the frequency spectra for no air or water o w and for
water o w only. The spectra are very similar. The 18Hz vertical mode shows up a little more
clearly with water o wing and might indicate somedependenceon water o w. One also seesthat
at this level, ic ker from the uorescent overhead building lights in MI-8 produces a prominent
120Hz peak.

7 Simulation of Target Vibration

This section will be included in a future revision of the note.

8 Conclusions

I conclude from the measurements documented here that no environmental conditions causesuf-
�cien t vibration to either change the amount of beam traversing the target or allow the target
aluminum casingto contact the inner conductor of horn 1 in its low energyposition. In summary,
I have noted that

1. Horn pulsing inducesnegligible vibration in the target.

2. Cooling water o w through the target inducesnegligible vibration in the target.

3. Air o w past the target at a velocity similar to that expected in the target hall does cause
vibration of the target if it's not inside the horn 1 inner conductor. The vibration is no greater
than � 0:5 mm. The target canister forms a large impedanceto air o w in the immediate
vicinit y of the target aluminum casing and even with the nominal o w of 8.9 m/s through
the target hall, the o w near the target casingis probably 2-3 m/s. The vibration randomly
damps to small amplitude and increasesagain to larger amplitude.
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Figure 13: Target vibration measured3.5 cm from downstream end of target aluminum casing.
The lower plot is the baselinewith neither air nor water o w. The upper plot is for o w of cooling
water only through the target. As noted in the text, the small amplitude of vibration prohibits one
from concluding that the increasedamplitude in the upper plot is due to the cooling water o w.
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Figure 14: Target vibration frequency spectrum measured3.5 cm from downstream end of target
aluminum casing. The setup is the sameas for �gure 13. Lower plot is with neither air nor water
o w. Upper plot is water o w only.
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4. With the target inserted in horn 1, even the rapid air o w causesnegligible vibration due to
the dead air spacethe horn bore produces.
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